We report on a novel type of multilayer mirrors for the soft x-ray regime, namely 
Introduction
Imaging with soft and hard x-rays is a very important part of present day thin film technology. A suitable tool that meets most of necessary requirements is a multilayer (ML) system consisting of repeated double layers. ML optical components are of great interest for xray technology, especially for x-ray microscopy [1] , x-ray astronomy [2] and x-ray lithography [3] , as well as in synchrotron radiation polarimetry applications [4, 5] . In the last years, remarkable progress has been made in the development of high reflectance ML mirrors for the vacuum UV range up to 280 eV [6, 7] . For the water window (280 eV -530 eV) highly reflecting ML mirrors are rare. Since for normal incidence an optimized multilayer mirror has to have a period Λ which is half the wavelength λ of the incident x-ray beam, one goal of x-ray optics is to produce a multilayer mirror with the smallest period possible. In addition, since at higher energies more and thinner layers are needed in order to approch the theoretical limit, the interdiffusion and interface roughness become a serious problem [8 -10] due to the increasing ratio of interface roughness σ to period Λ. At the upper end of the water window, which is interesting for biological applications, the situation is even worse because of a lack of sufficiently transparent spacer materials. Therefore, the interest in multilayers containing 3d-transition elements (Sc, Ti, V, Cr) is called forth by the high reflection in this energy range at their L absorption edges. Recently, material combinations were reported which provide sufficient reflectivities for these energies at high incidence angles. Those are multilayers of Cr/Sc [11] , Ni/Ti, W/Ti and Ni/V [12] , with measured normal incidence reflectances of about 10%.
In a previous paper [13] we reported on two new types of multilayer mirrors with potential applications in the soft x-ray regime: C/Al 2 O 3 multilayers that could be used as normal incidence mirrors up to the C K edge at 284 eV, and V/Al 2 O 3 multilayers which are promising for the water window. The V L 3 resonance at 512 eV provides enough contrast between V and Al 2 O 3 to achieve high reflectivities. But it was indicated that there are many difficulties in producing multilayers with such a small period and up to now V/Al 2 O 3 multilayer with Λ = 4.36 nm and not more than 40 periods could be grown and characterized. We improved our experimental by stabilizing of discharge parameters in order to deposit a larger number of double layers with minimum thickness fluctuations and we present new experimental data on V/Al 2 O 3 multilayers with periods Λ = 2.15 -2.52 nm using synchrotron radiation.
Sample preparation
V/Al 2 O 3 multilayers were deposited by conventional RF sputtering (13.56 MHz) in a high-vacuum environment with a base pressure of 1⋅10 -7 mbar after liquid-nitrogen cooling.
Single-crystalline (11-20)-oriented epi-polished sapphire with a surface roughness of 0.3 nm and a size 10 by 10 mm 2 was used as substrates. Before deposition all substrates were cleaned ultrasonically in acetone and ethanol, baked out at 500°C for 3 h in vacuum and plasma etched for 10 min directly before the deposition process. Targets and substrates were mounted in a planar configuration with a distance of 7 cm and both were water cooled during the whole deposition process. The substrates were moved automatically between the two cathodes to form a stack of alternating materials. The two cathodes were separated by a metal shield to avoid undesired cross sputtering. Sputtering was carried out at room temperature in an atmosphere of 5⋅10 -3 mbar 99.999% pure Ar with a power of 50 and 150 W for V and Al 2 O 3 , respectively.
Before fabricating multilayers, a few monolayers of each material were deposited and their thickness was measured by the x-ray reflectometry in order to determine the deposition rates, which were found to be 0.03 nm/s for V and 0.012 nm/s for Al 2 O 3 . Three multilayers
have been produced. They have been first characterised using CuK α radiation and multilayer reflectivity peaks up to 2θ=10° could be observed due to low an interface roughness at both interfaces (σ=0.3 nm) [14] . For the reflectivity at the first Bragg peak, values up to only 1.5% have been measured. Such small values are due to the low optical contrast of this material combination in the x-ray range.
Synchrotron characterization
Measurements described here have been done in one BESSY beamtime shift using the operational BESSY reflectometer chamber at the plane grating monochromator beamline PM4.
The reflectometer is an ultrahigh vacuum (UHV)-triple axis difractometer with all 3 motordriven goniometers inside vacuum used as multipurpose instrument for optical characterization at any UV-or soft x-ray synchrotron beamline [11, 12] . The reflectance of all multilayers was investigated from normal (θ=86°) to grazing incidence. We have performed θ-2θ scans in the region of Bragg reflection at different photon energies as well as energy scans at fixed angles of incidence with special emphasis on the investigation of the V L 3 absorption edge at 512 eV, where the reflectance and energy resolution is resonantly enhanced. In Fig. 1 we show a θ-2θ scans at a fixed energy of 512 eV taken on the samples. Well pronounced Kiessig fringes [16] are clearly seen near the Bragg peak indicating the homogeneity of the individual layers. For measurements close to the L absorption edge of V a 3-dimensional scan option was used, which enables to scan simultaneously the incoming photon energy while scanning the multilayer around the Bragg peak (hν-θ-2θ scan). The result of this scan for the [V(1.25nm)/Al 2 O 3 (1.27nm)] 50 multilayer is shown in Fig.2 . The sample exhibits a strong enhancement of the peak reflectance at the V L 3, 2 absorption edges reaching values up to R=18%.
The peak reflectances of all multilayers are plotted in Fig. 3 as a function of photon energy. Each data point was extracted from θ-2θ scans like those shown in Fig. 1 . As expected, all spectra show a strong enhancement of reflectance at the V L edge and a sharp cut-off beyond this edge. The different peak values can be explained by the different roughness ratios σ/Λ and by different numbers of periods. At higher photon energies the reflectance increases again due to the decreasing angle of incidence.
The energy resolution of the multilayers was extracted from the FWHM of the reflection curves of both θ-2θ scans (e.g. Fig. 1 ) and energy scans according to E/∆E=tgθ/∆θ. Generally, the resolving power is proportional to the number of periods which determines also its theoretical limit. The best resolving power (E/∆E=70) is obtained for the [V(1.07nm)/Al 2 O 3 (1.08nm)] 75 multilayer. Above the absorption edge the resolving power is reduced due to the increased absorption (i.e. reduced penetration length) resulting in a reduced number of contributing interfaces.
Conclusions
In the present contribution we have reported on growth and characterization of a series of Measurements with synchrotron radiation in the soft x-ray regime show that V/Al 2 O 3 multilayers exhibit reflectivities of up to 18% at the V L absorption edge which are comparable to the best mirrors studied so far. It was found that the soft x-ray reflectance data correlate with results of the hard x-ray reflectivity measurements [14] very well. Fig.3 
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